Abstract. Using high doses of beta radiation for high-density polyethylene (HDPE) and its influence on the changes of micromechanical properties of surface layer has not been studied in detail so far. The specimens of high-density polyethylene (HDPE) were made by injection moulding technology and irradiated by high doses of beta radiation (0, 33, 66 and 99 kGy). The changes in the microstructure and micromechanical properties of surface layer were evaluated using WAXS and instrumented ultra nano-hardness test. The results of the measurements showed considerable decrease in micromechanical properties (indentation hardness, indentation elastic modulus) when low doses of beta radiation are used.
Introduction
Polyethylene is a thermoplastic consisting of crystalline domains and amorphous domains. A thermoplastic can be melted and reshaped as desired by heating it to a temperature above the melting point of the plastic crystalline domains. Crosslinking by aid of radiation or chemically results in the formation of crosslinks or bridges between the macromolecular chains. When this material is heated to a temperature above the crystalline melting point, it does not melt and flow; but exhibits a viscoelastic behaviour. The stretching or deformation of the polyethylene in this condition results in the orientation of the macromolecular chains, and elastic stress is developed in the material. If the polymer is cooled in this stretched condition, reformation of the plastic crystalline domains freezes the elastic stress in the material. The material retains the expanded shape, even on removal of the deforming force. This material is now heat shrinkable, and the stored stress can be recovered at any time by heating it to a temperature above the crystalline melting point. During the application, the heating results in the melting of the plastic crystalline domains, and the stored elastic stress is recovered [1, 2] . On the other hand, the process of fabricating heat shrinkable products is based on the shape memory phenomenon.
This phenomenon occurs to some extent in nonprocessed thermoplastics, but its full advantage comes true in the crosslinked thermoplastics, such as the crosslinked polyethylene and its copolymers. Semicrystalline polymers such as low-density polyethylene (LDPE), high-density polyethylene (HDPE) and like other polyolefins, are common heat shrinkable polymers widely used in industry. Heat shrinkable polymers have a wide application in the packaging industry, electrical power and electronic equipment, cable industry and in the preparation of heat shrinkable tubes and connections [3] [4] [5] [6] . Typical uses include primary electrical insulation, cable jacketing and repair, strain relief, component encapsulation and water proofing and corrosion protection [6] . In heat shrinkable products usually a hot melt adhesive as a binder is applied underneath to melt over and seal the part (e.g. cable)shortly before shrinking of polymeric cover takes place. For this reason the processing parameters should beoptimised at temperatures higher than the melting temperature of the hot melt adhesive (about 70-90 °C) [3] . Therefore it is desirable to increase the shrink temperature to as high as possible. The shrinkage is usually measured by placing the specimens in an oil/water bath or a hot air oven at a constant temperature. On the other hand, thermal mechanical analysis (TMA) is the most popular technique to obtain the thermal shrinkage under a constant heating rate. TMA is often used to study the shrinkage mechanisms and shrinkage modelling as well [7, 8] .
The principle of the radiation process is the ability of the high energy radiation to produce reactive cationts, anoints and free radicals in the material. The industrial application of the radiation process ( Figure 1 ) on polymer and composites includes polymerization, crosslinklinking and degradation. The radiation process involves mainly the use of either electron beam from electron accelerators or gamma radiation from Cobalt -60 sources. The aim of this paper is to study the effect of ionizing radiation with different doses, on ultra nano-hardness of surface layer of high-density polyethylene (HDPE) and compare these results with those of non-irradiated samples. The study is carried out due to the ever-growing employment of this type of polymer high-density polyethylene (HDPE) [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Experimental

Material and methods
For this experiment High Density Polyethylene (HDPE) DOW -HDPE 25055E, DOW -Chemical company, USA (unfilled, HDPE) was used. Irradiation was carried out in the company BGS Beta Gamma Service GmbH Co, KG, Germany with the electron rays, electron energy 10 MeV, doses minimum of 0, 33, 66 and 99 kGy on air the ambient temperature.
The samples ( Figure 2) were made using the injection molding technology on the injection moulding machine Arburg Allrounder 420C. Processing temperature 245-295 °C, mold temperature 85 °C, injection pressure 80 MPa, injection rate 45 mm/s. 
Ultra nano-hardness test
Nano-indentation test was done using a Ultra Nanoindenation Tester (UNHT) (Fig. 5 ), CSM Instruments (Switzerland) according to the CSN EN ISO 14577. Load and unload speed was 1000 N/min. After a holding time of 90 s at maximum load 500 N the specimens were unloaded. The specimens were glued on metallic sample holders (Fig. 2) . H IT = F max/ A p (1) Fig. 3 . Ultra Nano-indentation tester. 
Wide-angle X-ray scattering
Wide-angle X-ray diffraction patterns were obtained using a PANalytical X´Pert PRO X-ray diffraction system (Netherlands). The CuKD radiation was Nifiltered. The scans (4.5 ° 2 4min) in the reflection mode were taken in the range 5-30 ° 2 4. The sample crystallinity (X) was calculated from the ratio of the crystal diffraction peaks and the total scattering areas.
Crystall size L100 of D most intensive peak at 100 was calculated using Scherrer equation. As a standard "perfect" crystal terephthalic acid with the peak at 2 4 = 17.4 ° and the half maximum breadth 0.3 ° 2 4 was chosen .
Gel Content
Gel test is done to find the content of non-filtered phasegel of the given material according to standard ýSN EN 579. The portion of 1g (of material radiated by low radiation doses) weighed with a precision of three decimal places was mixed with 100-250 ml of solvent. Xylol was used for polypropylene because it dissolves the amorphous part of HDPE, the crosslinking part does not dissolve. The mixture was extracted for 6 hours. Then solutes were separated by distillation. After removing the residual Xylol the crosslinked extract was rinsed by distilled water. The rinsed extract was dried for 6 -8 hours in vacuum at 100°C. The dried and cooled residue was weighed again with precision to three decimal places and compared to the original weight of the portion. The result is stated in percentage as the degree of crosslinking.
Where, G i is the degree of crosslinking of each specimen expressed in percentage m 1 is the weight of the cage and lid in milligrams m 2 is the total of weights of the original specimen, cage and lid in milligrams m 3 is the total of the weights of the residue of specimen, cage and lid in milligrams The result of G i is rounded to the nearest whole number [9, 14] .
Results and discussion
The development of micromechanical properties of irradiated high density polyethylene (HDPE) was characterized by the instrumented test of ultra nanohardness (H IT ), as can be seen in Figure 4 . The lowest values (39 MPa) of indentation hardness were found on high density polyethylene (HDPE) irradiated with radiation dose of 66 kGy radiation dose, while the highest value of indentation hardness were found on nonirradiated high density polyethylene (54 MPa). The decrease of indentation hardness at 165 kGy radiation dose was by 17 % compared to the non-irradiated high density polyethylene (HDPE). Similar development was recorded for microstiffness of specimens represented by the indentation elastic modulus (E IT ) illustrated in Figure 5 . The results of measurements show clearly that the lowest values of indentation elastic modulus were measured on the high density polyethylene (HDPE) (1.04 GPa) irradiated with radiation dose of 66 kGy, while the highest values were found on non-high density polyethylene (HDPE) (1.30 GPa). A significant decrease of indentation elastic modulus (11 %) was recorded at the radiation dose of 66 kGy compared to the high density polyethylene (HDPE). Other important material parameters obtained during the micro-hardness test were elastic and plastic deformation work. The mechanical work W tota l induced by the indentation is only partly consumed as plastic deformation work W plast . During the removal of the test force the remaining part is set free as work of the elastic reverse deformation W elast .
Very important values were found for indentation creep. For materials which creeps as polymers, a basic calculation of that creep can be measure during a pause at the maximum force. The creep is the relative change of the indentation depth when the test force is kept constant measured by instrumented test of ultra nanohardness showed ( Figure 6 ) that the highest creep values were When applying E-radiation the structure of polypropylene undergoes loss and then a grow of the crystalline phase. It can be assumed that the size of individual crystals will correspond with the loss of crystalline phase (crystalline value X calculated lay in the range 38-47 %). Cross-linking occurs in the remaining noncrystalline part which has a significant influence on the mechanical properties of the surface layer. The greatest size (Table 1 ) of crystalline phase (47 %) was found at non-irradiated high density polyethylene (HDPE). The lowest size of crystalline phase was found in the case at the radiation dose of 66 kGy (38 %). On the contrary the smaller size of crystalline phase of high density polyethylene (HDPE) was measured at radiation dose of 99 kGy (38 %). Its influence on the mechanical behavior is insignificant. The highest values of plastic deformation work were obtained for non-irradiated high density polyethylene (HDPE). The highest values of elastic deformation work were obtained for high density polyethylene (HDPE) irradiated with radiation dose of 33 kGy. The lowest values of W el , W pl were obtained for high density polyethylene (HDPE) irradiated with dose of 0 kGy. Radiation of specimens caused lower values of plastic deformation work which is in Figure 7 . The figure 8 shows typical X-ray diffraction spectrum of the non-irradiated and irradiated high density polyethylene (HDPE). There is an apparent presence of D-phase in the non-irradiated specimen. The greatest grow of D-phase is seen at the radiation dose of 66 kGy ( Figure 5 ). Gel content showed the highest values at radiation dose of 99 kGy at which it reached 55 % degree of crosslinking. Specimens irradiated by 0, 33, 66 kGy radiation dose showed very similar value 60 % degree of crosslinking (Table 1) .
Conclusion
The experimental study deals with the effect of modification of the surface layer by irradiation crosslinking on the properties of the surface layer of high density polyethylene (HDPE). High density polyethylene (HDPE) was modified by beta irradiation at doses of 0, 33, 66, 99 kGy. The changes of micromechanical properties were found at the radiation dose of 66 kGy for indentation hardness, indentation elastic modulus (which decreased by 17 % and 11 %) compared to the nonirradiated high density polyethylene (HDPE).
